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We report electron transport measurements in dual-gated monolayer WS2 
encapsulated in hexagonal boron-nitride. Using gated Ohmic contacts which operate from 
room temperature down to 1.5 K, we measure the intrinsic conductivity and carrier density 
as a function of temperature and gate bias. An intrinsic electron mobility of 100 cm2/(V·s) 
at room temperature, and 2,000 cm2/(V·s) at 1.5 K are achieved. The mobility shows a 
strong temperature dependence at high temperatures, consistent with phonon scattering 
dominated carrier transport. At low temperature, the mobility saturates due to impurity and 
long-range Coulomb scattering. First principles calculations of phonon scattering in 
monolayer WS2 are in good agreement with the experimental results, showing we approach 
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Chapter 1:  Introduction 
Transition metal dichalcogenides (TMDs) are a family of materials in the form 
MX2, where M stands for a transition metal (Mo, W, etc.) and X stands for a chalcogen (S, 
Se, or Te).1,2 The TMDs are layered materials, each layer consisting of two sheets of X 
atoms and one of M atoms sandwiched in X atoms. Atoms in each layer are bonded 
covalently, Figure 1.1 shows the schematics of TMD in the X-M-X monolayer form.  
 
 
Figure 1.1: (a) Schematic of a TMD monolayer structure and when viewed along the (b) 
in-plane and (c) out-of-plane directions. 
The TMDs in bulk form consist of X-M-X monolayers stacked together, with 
individual monolayers coupled by van der Waals forces.3 Because van der Waals forces 
are weaker than the covalent bonds between the X and M atoms, TMD monolayers can be 




Studies of TMDs in the monolayer form have become an emerging research area 
because of their significantly different properties compared with the bulk compound, due 
to quantum mechanical confinement effects.4 The indirect to direct gap transition when 
reducing TMD thickness from a few-layers to the monolayer limit was first found in 
2010,5,6 followed by the discovery of intriguing electronic and photoelectronic properties 
leading to many applications, such as high-ON/OFF-ratio field-effect transistors (FETs),7–
11 phototransistors,12 and ultrasensitive photodetectors.13 Moreover, due to a lack of crystal 
inversion symmetry, the spin and valley degrees of freedom in TMD monolayers are 
coupled, providing great platform for exploring spin and valley physics. For example, 
experimental evidence of valley polarization was found in monolayer MoS2,
14 as well as 






𝑐  (meV) 𝑚𝑄
𝑐  (meV) 𝑚𝐾
𝑣  (meV) 𝑚𝐾
𝑣  (meV) 
MoS2 3.14 0.51 0.76 0.58 4.05 
MoSe2 3.27 0.64 0.80 0.71 7.76 
WS2 3.10 0.31 0.60 0.42 4.07 
WSe2 3.25 0.39 0.64 0.51 7.77 
Table 1: Lattice constants and theoretically predicted effective masses at relevant 
valleys/peaks in some TMDs. Superscripts 𝑐 and 𝑣 denote the conduction 
and valence bands, respectively. Subscripts 𝐾 and 𝑄 denote the K and Q 
valleys/peaks, respectively. Table adapted from TABLE I in Ref. 17. 
Tungsten Disulfide (WS2) is one member of the TMD family with an indirect 
bandgap of 1.3–1.4 eV in bulk form, and a direct bandgap of 2.3–2.4 eV in monolayer 
form.18,19 WS2 is interesting among other TMD materials for its predicted lightest effective 
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mass.17,20,21 Table 1 lists lattice constants and theoretically predicted effective masses of 
some TMD materials, with data adapted from TABLE I in Ref. 17. The WS2 electron 
effective mass in both K and Q valleys are the lightest among the listed four TMD 
materials, leading to potentially high carrier mobility and strong spin-orbit interaction. 
 














Layer thickness Few-layer Monolayer Few-layer Monolayer Monolayer 
Evaluation 
method 
Hall 4-pt FE 2-pt FE 2-pt FE 4-pt FE 
Mobility 
(cm2/(Vˑs)) 
RT 65 40 234 214 83 
LT - 140 (7 K) 250 (4 K) 486 (5 K) 337 (25 K) 
Table 2: Previous published studies on electron transport properties of thin layer WS2. 
The device structure, layer thickness, and electron mobility evaluation 
methods are listed, as well as room temperature (RT) and low temperature 
(LT) mobilities measured.  
The electrical and optical properties of few-layer WS2 have been reported in various 
studies. For example, high-mobility field-effect transistors based on few-layer WS2 have 
been demonstrated down to monolayer thickness, with the electron mobilities reported as 
high as ~200 cm2/(V·s) at room temperature and ~500 cm2/(V·s) at low temperatures.25,26 
Photoluminescence studies have been performed on few-layer WS2 as well, and the 
evidence of strong spin-valley coupling was found.27–29 The focus of this thesis will be on 
the intrinsic electron transport in WS2 in the monolayer limit. To show the novelty of this 
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work, we compare previous electronic transport studies on WS2 thin layers and the electron 
mobilities measured therein (Table 2). In Table 2, mobility evaluation methods are listed 
as two-point field-effect (2-pt FE), four-point field-effect (4-pt FE), or Hall. These 
evaluation methods will be introduced and discussed in Chapter 4. The Hall mobility is the 
most accurate estimation of the true electron mobility and is used to assess intrinsic 
mobility. By investigating the Hall mobility (intrinsic mobility) in dual-gated FETs based 
on monolayer WS2 encapsulated in hexagonal boron-nitride (h-BN) at cryogenic 
temperature down to 1.5 K and comparing the intrinsic mobility with the two- and four-
point mobilities, we found that, generally, the two-point field-effect method underestimates 
and the four-point overestimates the electron mobility. A high electron mobility of ~2,000 
cm2/(V·s) is achieved in our samples, three times higher than the previously reported 







Chapter 2:  Preparation and Characterization of Monolayer WS2 1 
2.1 MICROMECHANICAL EXFOLIATION 
The monolayer WS2 flakes used to fabricate WS2 FETs are produced by 
micromechanical exfoliation, sourced from WS2 crystals available commercially. Two 
different micromechanical exfoliation methods are used – regular micromechanical 
exfoliation, and gold-assisted micromechanical exfoliation.  
2.1.1 Regular Micromechanical Exfoliation 
 The widely used micromechanical exfoliation method (the “Scotch tape” method) 
was firstly developed to isolate monolayer graphene.30 The method was then applied to 
other layered materials including TMDs and hexagonal Boron Nitride. Evolved from the 
original method reported in Ref. 30, the current method is completely dry, with no solvent 
involved, which helps to maintain the pristine quality of the flakes. 
 The tape used for exfoliation in this study is commercially available at UltraTape. 
Starting from a small piece of WS2 crystal (commercially available at HQ Graphene) 
transferred on the tape, the crystal is delaminated into thinner layers by repeatedly 
duplicating the crystal on the tape. The tape is then placed face-down on a 
polydimethylsiloxane (PDMS) film and peeled off to transfer the WS2 mesas onto the 
PDMS. A SiO2/Si chip is subsequently placed on the PDMS with the polished side in 
contact with the PDMS and removed rapidly from the PDMS to transfer the thin WS2 flakes 
on the SiO2/Si substrate. The SiO2/Si substrate is cleaved from highly doped n-type silicon 
 
1 Part of this chapter and the following chapters have been published as Y. Wang, T. Sohier, K. Watanabe, T. Taniguchi, 
M. J. Verstraete, and E. Tutuc , "Electron mobility in monolayer WS2 encapsulated in hexagonal boron-nitride", Applied 
Physics Letters 118, 102105 (2021). The author of this thesis, Y. Wang, fabricated and characterized the WS2 samples, 
and contributed to the data analysis and the writing of the paper. 
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wafers with 285 nm thick thermally-grown SiO2. Using PDMS to transfer WS2 on SiO2/Si 
helps to improve the yield of few-layer flakes in practice. 
2.1.2 Gold-Assisted Micromechanical Exfoliation 
 Gold is known to have strong affinity to chalcogens, especially for sulfur atoms, 
with a strong S-Au bond strength estimated to be ~ 45 kcal/mole.31,32 Because the 
interactions between the gold and the TMD at their interface is stronger than the interlayer 
van der Waals interactions in the TMD bulk, using gold to isolate large area monolayer 




Figure 2.1: Process flow of gold-assisted exfoliation. (a) A glass slide with double-sided 
tape attached. (b) Transfer WS2 mesas from UltraTape to the double-sided 
tape. (c) UltraTape is peeled off, leaving WS2 mesas on the double-sided tape. 
Sample information is labeled on the glass slide. (d) ~40 nm thick gold is 
deposited. A piece of thermal release tape is used to transfer the gold layer 
and the topmost WS2 layers onto a SiO2/Si substrate. (e) A SiO2/Si substrate 
is baked with the thermal release tape at 90 °C to release the gold layer and 
the topmost WS2 layers. (f) The thermal release tape and the SiO2/Si substrate 
after bake.  
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Figure 2.1 shows the process flow of the gold-assisted exfoliation. On a glass slide, 
a double-sided tape is attached [Fig 2.1 (a)]. A tape with WS2 thin mesas prepared by 
similar steps to those described in Section 2.1.1 is placed face-down on the double-sided 
tape [Fig. 2.1 (b)] and then peeled off to leave thin WS2 mesas on the double-sided tape 
[Fig. 2.1 (c)]. Gold (~40 nm thickness) is subsequently thermally deposited on the WS2. 
Figure 2.1 (d) shows a piece of thermal release tape on the glass slide after gold deposition. 
The thermal release tape is peeled off with gold and the topmost layers of WS2 and placed 
on a SiO2/Si substrate. The substrate and the thermal release tape are then baked at 90 °C 
[Fig. 2.1 (e)] to release the gold and thin WS2 flakes onto the substate [Fig. 2.1 (f)]. 
 
 
Figure 2.2: A large monolayer WS2 flake obtained by gold-assisted exfoliation. The 
spacing between the adjacent alignment marks is 200 μm. 
After the process above, some few-layer WS2 flakes are released on the SiO2/Si 
substrate, as well as a layer of gold on top. To remove the gold layer, the SiO2/Si substrate 
is etched in potassium iodide and iodine (KI/I2) wet etch for ~40 s. Figure 2.2 shows a large 
monolayer flake obtained by gold-assisted exfoliation. The size of the monolayer flakes 
exfoliated by this method ranges from 20×20 μm2 to 200×200 μm2. The exfoliated WS2 
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flakes are characterized by atomic force microscopy (AFM) and photoluminescence (PL), 
as well as electrical transport at low temperature. The results show that the gold-assisted 
exfoliated WS2 flakes are of similar quality to the regular exfoliated ones.  
2.2 MONOLAYER CHARACTERIZATION 
 
Figure 2.3: Optical micrography, AFM image, and Photoluminescence spectra acquired 
on a monolayer WS2 flake. (a) Optical micrography of a WS2 monolayer on 
SiO2/Si substrate. (b) AFM topography of the same monolayer flake in (a). 
(c) Photoluminescence spectra acquired on the same flake shown in (a) and 
(b). 
 
The exfoliated flakes are first identified by optical microscopy. Isolated and flat 
monolayer flakes of ~10×20 μm2 size without adjacent few-layer stacking are chosen. The 
flakes are then characterized by AFM and PL. Figure 2.3 (a) shows an optical micrograph 
of a gold-assisted exfoliated monolayer WS2 flake. The topography of the flake probed by 
AFM is shown in Fig. 2.3 (b). A PL measurement is then performed on the same flake [Fig. 
2.3 (c)]. In contrast to the PL spectra of multi-layer WS2, which have lower intensity and 
display multiple peaks associated with indirect gap transitions, the spectrum of the 
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monolayer WS2 exhibits a single strong peak at 2.0 eV associated with direct gap emission, 
consistent with previous observations.4,27,29 This further confirms the thickness of the 
monolayer WS2 flake.27 The high intensity of PL spectrum also illustrates the high quality 





Chapter 3:  Device Fabrication and Structure 
3.1 DRY TRANSFER TECHNIQUE 
The advances of deterministic transfer techniques have been an impetus for the 
development of the 2D van der Waals heterostructure research field. From the first 
developed wet transfer35 to the more versatile dry transfer techniques,36 more and more 
complex 2D systems can be fabricated with much higher yield. All the devices investigated 
in this thesis are fabricated using dry transfer techniques, where a hemisphere PDMS stamp 
is used as a handle to selectively pick up and stack desired WS2 or h-BN flakes. On the 
hemisphere PDMS handle, a thin layer of polypropylene carbonate (PPC) dissolved in 
anisole is spin-coated, and subsequentially baked at 180 °C to harden the PPC layer, which 
will serve as an adhesion layer to pick up thin flakes at raised temperature. The diameter 
of the hemisphere handle can range from one millimeter to a few millimeters. Smaller 
diameter limits the contact area between the polymer handle and the substrate, which will 
improve the selectivity of the pick-up, while larger diameter handles provide better control 
of the contact area radius in micrometer range.  
Figure 3.1 demonstrates a typical workflow of a dry transfer process. Starting from 
a SiO2/Si substrate with the desired flake (flake A) to be picked up [Fig. 3.1 (a)], the 
polymer hemisphere handle makes contact with the substrate at the location of flake A [Fig. 
3.1 (b)] and picks it up at 40-50 °C [Fig. 3.1 (c)]. Another SiO2/Si substrate with the target 
flake (flake B) to place flake A on is positioned under the polymer hemisphere handle with 
flake A on the handle [Fig. 3.1 (d)]. Another contact is then made with flake A and B 
aligned [Fig. 3.1 (e)]. Flake A is subsequently released on the substrate at a temperature > 
90°C. The stack of flake A on B is then formed [Fig. 3.1 (f)]. By following the above steps 






Figure 3.1: Illustration of a typical dry transfer process. (a) Polymer hemisphere handle 
above flake A on SiO2/Si substrate. (b) Polymer hemisphere handle making 
contact to the substrate. (c) Flake A is picked up on the polymer hemisphere 
handle. (d) Substrate with flake B is placed under the polymer hemisphere 
handle. (e) Polymer hemisphere handle making contact to the substrate on 
flake B. (f) Flake A is released on flake B. 
3.2 DEVICE PROCESS FLOW 
The WS2 devices investigated in this thesis consist of one WS2 monolayer, two gate 
dielectrics (h-BN), metal back contacts, and two gates (top gate and back gate). Figure 3.2 
shows the process flow with the optical micrographs taken during the fabrication process. 
Panel (a) is an optical image of a WS2 monolayer produced by gold-assisted 
micromechanical exfoliation, described in Section 2.1.2, and characterized using the 
methods described in Section 2.2. Using the dry transfer technique described in Section 
3.1, an h-BN flake of ~30 nm thickness is placed on the WS2 monolayer [Fig. 3.2 (b)]. On 
another SiO2/Si substrate, a rectangular Pt metal back gate of ~10 nm thick is patterned and 
covered by an h-BN flake of ~25 nm thickness [Fig. 3.2 (c)]. A set of metal back contacts 
is subsequently patterned with Cr/Pd or Cr/Pt (15~20 nm thick) [Fig. 3.2 (d)]. The stack in 
Fig. 3.2 (b) is then placed on the back contacts to form the stack in Fig. 3.2 (e). The device 





Figure 3.2: Process flow of the device fabrication demonstrated with false-color optical 
micrographs. (a) Monolayer WS2 on SiO2/Si substrate. (b) Top h-BN on the 
monolayer WS2. (c) Metal back gate covered by h-BN. (d) Pt contacts 
patterned on h-BN/back gate. (e) Heterostructure stack in (b) placed on stack 
in (d). (f) The final device with metal top gate. The scale bars represent 10 
μm. 
3.3 DEVICE STRUCTURE 
 
 
Figure 3.3: Top-contacted (a) and back-contacted (b) architecture of TMD FETs. 
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The back-contacted architecture [Fig. 3.3 (b)] is employed to improve the WS2-to-
metal contact. The back-contacted architecture in TMD devices is found to exhibit lower 
contact resistance compared to the top-contacted one. In the top-contacted architecture the 
metal contacts are directly deposited on the TMD layer [Fig. 3.3 (a)]. In top-contacted 
structures, an adhesion layer (Cr or Ni) is needed because Pt and Pd have poor adhesion to 
TMDs. Thus, the metal interface directly contacting the TMD is the adhesion layer metal 
which easily oxidizes and has a lower work function that leads to a higher Schottky barrier 
at the TMD-to-metal interface. Furthermore, the TMD-to-metal interface in the top-
contacted structure can be largely affected by the deposition conditions, such as vacuum 
level in the deposition chamber, deposition rate, deposition temperature, etc. The back-
contacted architecture, however, circumvents the above problems. First, the metal at the 
TMD-to-metal interface is an inert metal with a high work function. Second, the back 
contact deposition is decoupled from creating the TMD-to-metal interface, avoiding 
variations of the contact quality resulting from variations of the deposition conditions. In 
addition, the surface of the metal back contacts can be annealed to improve surface 
smoothness and be characterized by AFM before the TMD-to-metal contact is formed, 
making it possible to avoid using metals with rough surfaces inadvertently. Figure 3.4 
shows AFM images of (a) a set of Pt metal contacts and (b) the device made with the same 
set of contacts. Although some high grains can be observed near the contact edges, most 
of the metal surface area is very clean and flat for the WS2 to make good contact to. The 
resulting device also shows flat topology around the contact areas. 
The monolayer WS2 devices are structured as dual-gated FETs. As shown in Fig. 
3.4 (b), the top gate is patterned into a Hall-bar shape and defines the active area of the 
device. The Hall-bar shaped channel provides various measuring configuration options 
14 
 
such as two-point, four-point, and Hall effect measurements. The top gate serves as a 
primary gate for FET operation, and local back gate is used to tune the FET characteristics. 
The local back gates also have the advantage over to Si back-gated devices of enabling 
individual gate control when having multiple FETs on the same substrate. Two dual-gated 




Figure 3.4: AFM images of (a) a set of Pt contacts before WS2 is transferred on, and (b) 




Chapter 4:  Electrical Transport 
4.1 OUTPUT CHARACTERISTICS AND TRANSFER CHARACTERISTICS 
 
Figure 4.1: Room temperature characteristics. (a) 𝐼𝐷 vs. 𝑉𝐷 at various top gate biases. 
The linear dependence of 𝐼𝐷−𝑉𝐷 is evidence of Ohmic contacts. (b) 𝐼𝐷 vs. 
𝑉𝑇𝐺 at drain biases 𝑉𝐷 = 0.05 V and 1 V. The ON/OFF ratio is around 10
5 
at 𝑉𝐷  = 0.05 V. Data is taken in vacuum at room temperature for all 
measurements in this figure. 
The characteristics of the monolayer WS2 devices are first investigated at room 
temperature. Figure 4.1 (a) shows the room temperature output characteristics, namely 
drain current (𝐼𝐷) vs. drain voltage (𝑉𝐷) measured at different top-gate voltages (𝑉𝑇𝐺), and 
at a back-gate bias 𝑉𝐵𝐺 = 0 V for device A. The linear 𝐼𝐷−𝑉𝐷 response at low drain bias 
confirms the metal-to-WS2 contacts are ohmic. However, as we show in this study, the 
metal-to-WS2 contact resistance has a strong dependence on 𝑉𝑇𝐺. Figure 4.1 (b) shows the 
transfer characteristics, 𝐼𝐷 vs. 𝑉𝑇𝐺, measured at drain biases of 𝑉𝐷 = 0.05 V and 𝑉𝐷 = 
1 V. Unlike a conventional FET, the 𝐼𝐷 shows a strong, almost exponential dependence 
on 𝑉𝑇𝐺 even above the threshold voltage, indicated at 𝑉𝐷 = 0.05 V by a slope change at 
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𝑉𝑇𝐺 ≅ 2  V. The strong 𝐼𝐷  vs. 𝑉𝑇𝐺  dependence, both below and above threshold is 
common to Schottky barrier FET characteristics, and explained by a gate-voltage-
dependent contact resistance. The top gate leakage current is lower than 1 nA in all 
measurements. 






































Figure 4.2: Temperature dependence of 𝐼𝐷  vs. 𝑉𝑇𝐺  on a linear scale and (inset) log-
linear scale, measured at 𝑉𝐷 = 0.5 V. The arrows mark the 𝑉𝑇  extracted 
from the Hall density measurements. A linear extrapolation of the 𝐼𝐷  vs. 
𝑉𝑇𝐺  data (dashed line) at 100 K intercepts the 𝑉𝑇𝐺  axis at a value 
significantly larger than 𝑉𝑇. 
The transfer characteristics are then investigated at a temperature range 1.5 – 200 
K. In Fig. 4.2 we show the temperature dependence of transfer characteristics, 𝐼𝐷 vs. 𝑉𝑇𝐺 
measured at 𝑉𝐷 = 0.5 V. The main panel in Fig. 4.2 shows that a linear extrapolation at 
100 K of the 𝐼𝐷 vs. 𝑉𝑇𝐺 intercepts the x-axis at 𝑉𝑇𝐺 ≅11 V, a value significantly larger 
than the threshold voltage 𝑉𝑇 = 2.1 V at which the Hall density 𝑛 = 0. This behavior 
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illustrates the differences between the WS2 FET characteristics, and conventional FETs 
with highly doped source and drain. Therefore, applying a conventional FET analysis will 
largely overestimate the threshold voltage, and underestimate the carrier density at a given 
𝑉𝑇𝐺 value. In Fig. 4.2 inset, we show the same dataset on log-linear scale, along with the 
𝑉𝑇  determined from Hall measurements. Similar to Fig. 4.1 (b) data, 𝐼𝐷  has an 
exponential dependence on 𝑉𝑇𝐺, with a marked change in slope at 𝑉𝑇𝐺 ≈ 𝑉𝑇. This dataset 
suggests that a better 𝑉𝑇  estimation can be obtained from the 𝑉𝑇𝐺  value at which the 
exponential 𝐼𝐷 vs. 𝑉𝑇𝐺 dependence changes slope. Lastly, we note that the 𝑉𝑇 is weakly 
dependent on temperature. The variation of the threshold voltage over the range of 
temperature in our study is ~0.5 V, corresponding to a carrier density variation of 3 × 1011 
cm-2. 
4.2 HALL EFFECT 
4.2.1 Classical Hall Effect in 2D Electron Systems 
The Hall effect was discovered by Edwin Hall in 1879.37 An illustration of the Hall 
effect setup is shown in Fig. 4.3, where the electrons are restricted to move in the x-y plane. 
A constant magnetic field 𝑩 is applied in the z-direction while a current 𝐼𝑥 flows in the 
x-direction. 
 
Figure 4.3: Illustration of the classical Hall effect. 
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Solving Ohm’s law 𝑱 = 𝜎𝑬, where 𝑱 is the current density and 𝑬 is the electric field in 
x-direction, one gets                          






),             (4.1) 
where 𝜔𝐵 = 𝑒𝐵/𝑚 is the cyclotron frequency, and 𝜏 is the momentum relaxation time. 
𝜎 is called the conductivity tensor, 
 The resistivity is defined as the inverse of the conductivity 









).              (4.2) 
For a sample with a length 𝐿  in the y-direction, a voltage 𝑉𝑦  will be dropped in y-
direction, and the transverse resistance can be measured by dividing the voltage 𝑉𝑦 with 










= −𝜌𝑥𝑦,                  (4.3) 







.                     (4.4) 
 It is worth noting that at low temperature and under a strong magnetic field, 
classical Hall effect will not be valid anymore, and quantum Hall effect will take over.38–
40 However, in this thesis, we will probe Hall resistance at T = 100 K and in moderate 
magnetic fields, where the linear relationship between 𝑅𝑥𝑦 and 𝐵 still holds, that is, the 
experimental observation can be explained by classical Hall effect. Because the quantum 
Hall effect is not relevant to this study, it will not be discussed in this thesis. 
4.2.2 Hall Measurements and Density Extraction 
The Hall resistances are measured in perpendicular magnetic fields (𝐵) up to 7 T, 
at a temperature T = 100 K. Figure 4.4 (a) and (b) show the Hall resistance (𝑅𝑥𝑦) vs. 𝐵 at 
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different 𝑉𝑇𝐺  [panel (a)] and 𝑉𝐵𝐺  [panel (b)] values. The slope of 𝑅𝑥𝑦  vs. 𝐵  data 
allows the extraction of the electron density (𝑛) using Eq. (4.4). Figure 4.4 (a) and 4.4 (b) 
insets shows the extracted 𝑛 vs. 𝑉𝑇𝐺 and 𝑛 vs. 𝑉𝐵𝐺, respectively. The linear fits to 𝑛 
vs. 𝑉𝑇𝐺  and 𝑛  vs. 𝑉𝐵𝐺  yield the gate capacitances 𝐶𝑇𝐺  and  𝐶𝐵𝐺 , respectively. The 
carrier density can then be extracted at different gate biases via the relation 𝑒𝑛 =
𝐶𝑇𝐺𝑉𝑇𝐺 + 𝐶𝐵𝐺𝑉𝐵𝐺 + 𝑒𝑛0. The top gate capacitance of device A is 𝐶𝑇𝐺  = 103 𝑛𝐹/𝑐𝑚
2, 
back gate capacitance 𝐶𝐵𝐺 = 163 𝑛𝐹/𝑐𝑚
2, and 𝑛0 = −1.34 × 10
12 cm-2. We assume that 




Figure 4.4: Hall density extraction. (a) 𝑅𝑥𝑦 vs. 𝐵 measured for different 𝑉𝑇𝐺 values, at 
𝑉𝐵𝐺 = 0  V and 𝑇  = 100 K. (b) 𝑅𝑥𝑦  vs. 𝐵  measured for different 𝑉𝐵𝐺 
values, at 𝑉𝑇𝐺 = 13 V and 𝑇  = 100 K. 𝑅𝑥𝑦  is linearly dependent on 𝐵 . 
Linear fits to 𝑅𝑥𝑦 vs. 𝐵 data yield the carrier densities. Insets: (a) 𝑛 vs. 𝑉𝑇𝐺 




4.3 CONDUCTIVITY AND CONTACT RESISTANCE 
Using the outer contacts as source and drain for current injection, and the inner 
contacts as voltage probes (𝛥𝑉), the four-point channel conductance 𝐺4𝑝𝑡 = 𝐼𝐷/𝛥𝑉 can 
be measured, as well as the intrinsic channel conductivity 𝐺□ = 𝐺4𝑝𝑡 × 𝐿/𝑊, where 𝑊 
= 2.4 μm is the width of the channel, and 𝐿 = 3.5 μm is the distance between the centers 
of the neighboring contacts. 
 
 
Figure 4.5: 𝐺□  vs. 𝑉𝑇𝐺  and 𝑛  (top axis) measured at various temperatures. The 
conductivity increases monotonically with decreasing temperature, 
suggesting a metallic phase. 
Figure 4.5 shows 𝐺□ vs. 𝑉𝑇𝐺 and 𝑛 at various temperatures ranging from 1.5 K 
to 300 K. We note that at reduced temperatures the contact resistance increases at a fixed 
electron density, which in turn affects the accuracy of the four-point measurement. This is 
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reflected in 𝐺□  vs. 𝑛 data of Fig. 4.5, where the accessible electron density range is 
gradually reduced with decreasing temperature. A linear dependence of 𝐺□ vs. 𝑉𝑇𝐺  is 
observed at all temperatures. Furthermore, 𝐺□ increases monotonically with reducing T, 
indicating a metallic phase of 2D electrons in WS2.  








































   
Figure 4.6: 𝑅𝑐 vs. 𝑉𝑇𝐺 and 𝑛 (top axis) at different temperatures. The contact resistance 
shows a strong dependence on 𝑉𝑇𝐺, particularly at reduced temperatures. At 
high 𝑉𝑇𝐺  the 𝑅𝑐  values depend weakly on temperatures, consistent with 
tunneling through the Schottky barrier at the metal-WS2 contact. 
The four-point conductance 𝐺4𝑝𝑡  probes the intrinsic channel conductance 
compared to the two-point conductance 𝐺2𝑝𝑡 = 𝐼𝐷/𝑉𝐷 , because the former excludes 
contact resistances of the source and drain terminals. By subtracting the four-point 
resistance 1/𝐺4𝑝𝑡  from the two-point resistance 1/𝐺2𝑝𝑡 , we can estimate the specific 
contact resistance 𝑅𝐶 = (1/𝐺2𝑝𝑡 − 1/𝐺4𝑝𝑡) × 𝑊𝐶/2, where 𝑊𝐶  represents the contact 
width of source/drain terminal. The 𝑅𝐶 vs. 𝑉𝑇𝐺 and 𝑛 measured at various T values are 
shown in Fig. 4.6. At low electron densities, the contact resistance has a strong temperature 
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dependence, and increases with decreasing temperature. This observation can be explained 
by a diminished thermally-activated injection over the metal-to-WS2 Schottky barrier. 
However, at high electron densities, the contact resistance becomes less sensitive to 
temperature, and remains relatively low down to 1.5 K. The insensitivity to temperature 
suggests the electron injection is controlled by tunneling through the Schottky barrier at 
the metal-to-WS2 contact, which in turn is achieved by inducing a large electron density in 
the channel around the metal-to-WS2 interface, resulting in a tunnel barrier with reduced 
thickness.41,42 
4.4 MOBILITY EXTRACTION 
 
Figure 4.7: Temperature dependence of the intrinsic and field-effect mobility. Unless 
noted, the data are acquired on Device A. For 𝑇 > 50 K, a strong temperature 
dependence suggests phonon scattering dominated transport. The mobility 
saturates at 𝑇 < 50 K, limited by long-range Coulomb scattering. 
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The intrinsic carrier mobility 𝜇 = 𝐺□/(𝑛𝑒) can be calculated using the measured 
𝐺□ and 𝑛 values. Absent carrier density measurements, a separate, and often used metric 
is the two- or four-point field-effect mobility 𝜇𝐹𝐸 = (𝐿/𝑊) × (𝑑𝐺/𝑑𝑉𝐺) × 𝐶𝐺
−1, where 
𝐺  is the two- or four-point conductance, and 𝑉𝐺  and 𝐶𝐺  are top/back gate bias and 
capacitance. To assess the accuracy of this metric, we compare the two and four-point 𝜇𝐹𝐸 
with the intrinsic 𝜇 value. Figure 4.7 shows 𝜇 vs 𝑇 at different 𝑛 values, along with 
𝜇𝐹𝐸  vs. 𝑇  extracted from 𝐺4𝑝𝑡  vs. 𝑉𝑇𝐺  data. At room temperature, the intrinsic 
mobility at the highest electron density 9×1012 cm-2 is 100 cm2/(V·s), and increases rapidly 
with decreasing temperature, reaching 2,000 cm2/(V·s) at 1.5 K, which is a record-high 
electron mobility probed in monolayer WS2.  
 
Figure 4.8: 𝜇 vs. 𝑛 at room temperature. The comparison includes the intrinsic mobility, 
as well as the two- and four-point field-effect mobilities. The bottom and top 
axes are the Hall density and top gate bias, respectively. The four-point field-
effect mobility overestimates the intrinsic mobility, while two-point field-
effect mobility underestimates the intrinsic mobility by approximately 50%. 
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In Fig. 4.8 we compare the intrinsic, two-point, and four-point field-effect 
mobilities at room temperature. The four-point field-effect values are consistently larger 
compared to the intrinsic mobility, similar to observations reported in MoS2 FETs.
9 To 
explain this observation let us assume the dielectric-TMD interface has a density (𝐷𝑖𝑡) of 
traps per unit area×energy at the Fermi energy. A change in gate bias (𝑑𝑉𝐺) will induce a 
change in both the density of the trapped charges 𝑑𝑛𝑖𝑡 and the mobile electron density 𝑑𝑛, 
𝐶𝐺𝑑𝑉𝐺 = 𝑒(𝑑𝑛𝑖𝑡 + 𝑑𝑛) . In thermodynamic equilibrium, 𝑑𝑛𝑖𝑡/𝑑𝑛 = 𝐷𝑖𝑡/𝐷𝑂𝑆 , where 
𝐷𝑂𝑆 is the density of states of the 2D system at the Fermi energy. The four-point field 













.                    (4.5) 
For a TMD layer with two-fold valley degeneracy 𝐷𝑂𝑆 = 2𝑚∗/(𝜋ℏ2), where 𝑚∗ is the 
effective mass, and ℏ the reduced Planck constant. Using 𝑚∗ = 0.5𝑚𝑒, a typical value 
for TMDs, the corresponding 𝐷𝑂𝑆 = 4 × 1014 cm-2 eV-1. The intrinsic defect density in 
exfoliated TMDs determined from scanning probe microscopy is ~1012 cm-2,43,44 and even 
for a gate-stack of moderate quality the corresponding 𝐷𝑖𝑡 should be at least one order of 
magnitude lower compared to 𝐷𝑂𝑆. Therefore, the term 𝐷𝑖𝑡/𝐷𝑂𝑆 in Eq. (4.5) can be 
neglected. This approximation is also supported by the very good agreement between the 
geometric gate capacitances, and their values determined by Hall measurements in our 
experiment. Equation (4.5) then is 𝜇𝐹𝐸 − 𝜇 = 𝑛(𝑑𝜇/𝑑𝑛). If the 𝜇 value increases with 
𝑛, which is expected if screening plays a role in the scattering mechanism, the four-point 
field-effect mobility will overestimate the intrinsic mobility. We note that scattering 
mechanisms such as surface roughness or carrier confinement which normally lead to a 
reduction in mobility at high carrier densities in inversion layers realized in bulk 
semiconductors either do not apply, or do not have the same density dependence in 2D 
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materials. Indeed, the surface roughness is not expected to reduce the mobility at high 
densities in 2D materials because the electron wave-function does not change appreciably 
with gate bias. Moreover, the confinement in the 2D plane does not lead to multiple 
subbands as one might encounter in the triangular well of a metal-oxide-semiconductor 
FET. 
It is noteworthy that the two-point field-effect mobility significantly underestimates 
the mobility by ~50%, which can be attributed to the voltage drop on the source/drain, and 




Chapter 5:  Theoretical Modeling  
5.1 SCATTERING MECHANISMS IN 2D ELECTRON SYSTEM 
In this section we review some scattering mechanisms relevant in 2D electron 
systems and the electron mobility modeling associated with each scattering mechanism. 
Three important scattering mechanisms will be discussed in the following sections – optical 
phonon scattering, acoustic phonon scattering, and ionized impurity scattering. 
5.1.1 Optical Phonon Scattering 
There are two types of optical phonons considered in this section – polar optical 
phonon and homopolar optical phonon. In the polar optical phonon mode, all the atom 
motions are in-plane. For WS2 atom, the two sulfur atoms in a WS2 molecule move in the 
same direction, while the tungsten atom moves in the opposite direction, as illustrated in 
Fig. 5.1 (a).  
 
Figure 5.1: Optical phonon modes. (a) polar optical phonon mode, (b) homopolar 
optical phonon mode.  







𝑘𝐵𝑇 − 1),                      (5.1) 
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where 𝑒 is electron charge, ℏ𝜔 is the polar optic phonon energy, 𝑚∗ is the electron 









, ∞ and 𝑠 are the high and low 
frequency dielectric constants. From Eq. (5.1), at high temperatures polar optical phonon 
can be the limiting term in electron mobility. 
 In the homopolar phonon mode, the two sulfur atoms move out-of-plane, in 
opposite directions, and the tungsten atom is stationary, as illustrated in Fig. 5.1 (b). 
Because the motions of the sulfur atoms are mirrored image to each other, and the center 
of mass is unaffected by this motion, no first-order dipole is produced, therefore this mode 
is “homopolar”. The mobility associated with the homopolar phonon mode has a stronger 
dependence on temperature compared to the polar mode.47 However, it is found that in top-
gated 2D FETs, due to the presence of the gate dielectrics and metal gates, the vertical 
motions can be restricted, and the homopolar mode can be quenched.48,49 Therefore, 
homopolar optical phonon scattering is not expected to be one of the dominant scattering 
mechanisms in our devices. 
5.1.2 Acoustic Phonon Scattering 
In Ref. 48, the mobility associated with the acoustic phonon scattering is deduced 
based on Boltzmann transport theory. Assuming high temperature, quasielastic and 





                         (5.2) 
where 𝜌 is the atomic mass density per area, 𝑐𝜆  is the sound velocity, and Ξ is the 
acoustic deformation potential. If writing the temperature dependence of 𝜇 in the form of 
𝜇 ∝ 𝑇−𝛾 , the temperature dependence coefficient 𝛾  deduced in this acoustic phonon 
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scattering model yields 𝛾 = 1. We shall note that Eq. (5.2) is a result considering only 
deformation potential contribution from intravalley zone center acoustic phonon scattering.  
 
 
Figure 5.2: Temperature dependence of electron mobility calculated for different 
scattering mechanisms for few-layer (multilayer) MoS2 FETs on Al2O3. 
Optical phonons (green and blue lines) dominate at high temperature, while 
acoustic phonons (brown and purple lines) become important at intermediate 
temperature. Figure adapted form Ref. 50. 
Acoustic phonon scattering is usually important at intermediate temperature. As 
shown in Fig. 5.2, where the temperature dependence of mobilities associated with various 
scattering mechanisms are calculated for a few-layer MoS2 FET without top gate.
50 At high 
temperature, optical phonon will be the limiting factor for electron mobility as discussed 
in Section 5.1.1. At around 200 K, when largest, the contribution from the acoustic phonon 
could be comparable to optical phonon. At lower temperature, all the phonon modes will 
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be frozen out, and ionized impurity scattering will take over, which we will discuss in the 
next session. 
5.1.3 Ionized Impurity Scattering 
 In monolayer TMD electron systems, ionized impurity scattering can be largely 
affected by the dielectric environment. In Fig. 5.3, the Coulomb potentials calculated for a 
point charge located at the center of a monolayer MoS2 encapsulated in different dielectric 
environments are shown.51 The Coulomb potential in the dielectric with lower dielectric 
constant 𝑒  extends further while in high- 𝑒  environment decays faster. This can be 
explained by larger energy barrier for confining electrons provided by high- 𝑒 dielectrics. 
The other effect the dielectric environment has on electron transport is that the electrons in 
the TMD thin layer can also remotely excite the polar optical phonon in the dielectrics. 
This effect strengthens as the thickness of the TMD layer is decreased.  
Figure 5.3 is calculated without considering the screening effect.51 Taking the free-
carrier screening into account, in Ref. 51, the Coulomb momentum relaxation rate is 
calculated from the Fermi’s golden rule, at the zero-temperature limit, with the impurity 
density set to be 𝑁𝐼 ∼ 10
12 𝑐𝑚−2. This calculation combines free-carrier screening with 
the effects of dielectric environment on the Coulomb interactions. In Figure 5.4 (a), the 
Coulomb momentum relaxation rate as a function of 𝑒 and the electron density is shown. 
The relaxation rate decreases with increased electron density and dielectric constant. The 





Figure 5.3: Coulomb potentials of a point charge at the center of a MoS2 monolayer 
encapsulated by two dielectric layers, for (a) 𝑒 = 1, (b) 𝑒 = 7.6 (= 𝑠 , 
dielectric constant of MoS2), and (c) 𝑒 = 100. Figure adapted form Ref. 
51.  
With the temperature effect on the polarizability of the electron gas taken into 
consideration, which is caused by the spatial redistribution of the electron gas induced by 
the Coulomb potential, the temperature dependence of the mobility associated with the 
impurity scattering is shown in Fig. 5.4 (b). The impurity density used in this calculation 
is 1013 𝑐𝑚−2. It can be seen from Fig. 5.4 (b) that the mobility is significantly limited by 
ionized impurity scattering at low electron density and low 𝑒. At high electron densities 
relevant to the electron systems discussed in this thesis (~1013 𝑐𝑚−2), the temperature 
dependence of the impurity limited mobility is very weak at 𝑇 < 50 𝐾. It is also worth 
noting that, in our devices, the mobility measured at low temperature, when the impurity 
scattering dominates due to freeze-out of the phonons, is about an order of magnitude larger 
than the theoretical calculations in Fig. 5.4 (b). This is a manifestation of the low ionized 




Figure 5.4: (a) Effect of dielectric mismatch and electron density on Coulomb momentum 
relaxation time at zero temperature limit and (b) impurity limited mobility as 
a function of temperature at different electron densities. Panel (a) is calculated 
with impurity density of 1012 𝑐𝑚−2 , panel (b) 1013 𝑐𝑚−2 . 𝑛𝑠  is the 
electron density in the TMD layer. Figure adapted form Ref. 51.  
5.2 FIRST PRINCIPLES PHONON SCATTERING CALCULATIONS 
 This section will serve as an introduction of the first principles method used to 
calculate the temperature dependence of the mobility, which will provide comparison of 
the experimental results to the intrinsic limit of transport in our WS2 monolayer. The details 
of this method can be found in Ref. 52. 
5.2.1 Boltzmann Transport Equation 
For a 2D system lying in the x-y plane with an electric field 𝑬 applied in the same 







𝑓(𝒌)𝒗(𝒌) ∙ 𝒖𝐸𝛼 ,                  (5.3) 
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where the factor of 2 accounts for the spin degeneracy, 𝛼 is an index of valleys in the 
Brillouin zone, 𝑓(𝒌)  is the steady-state distribution function, and 𝒗(𝒌)  is the band 
velocity of the electronic state. Assuming spatial uniformity and time-independence 












(𝒌).                      (5.4) 
Eq. (5.4) states that the change of the occupation distribution driven by the electric field 
equals to the time derivation of the distribution function due to scattering. Using Fermi’s 






(𝒌) = ∑ 𝑃𝒌′𝒌𝑓(𝒌
′)(1 − 𝑓(𝒌)) − 𝑃𝒌𝒌′𝑓(𝒌)(1 − 𝑓(𝒌
′))𝒌′ ,    (5.5) 
where 𝑃𝒌𝒌′ is the scattering probability from state 𝒌 to 𝒌
′. 
 A perturbation at first order in electric field is adopted and the occupation function 
is written as 
𝑓(𝒌) = 𝑓0(𝒌) + 𝑓1(𝒌).                      (5.6) 
Here, 𝑓0(𝒌) is the Fermi-Dirac function, and 𝑓1(𝒌) is the first-order perturbation in the 
electric field, and  
𝑓1(𝒌) = 𝑒|𝑬|𝒖𝑬 ∙ 𝑭(𝒌)
𝜕𝑓0(𝒌)
𝜕𝜀
,                   (5.7) 
where  is the electron state energy, 𝑭(𝒌) is a vectorial quantity with units of length, 
whose direction is assumed to be along the band velocity, such that 
𝑭(𝒌) = 𝒗(𝒌)𝜏(𝒌),                        (5.8) 
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𝜏(𝒌) is named as scattering time. Combing Eq. (5.6)-(5.8), and keeping only first-order 
terms in the electric field, with the detailed balance condition 𝑃𝒌′𝒌𝑓
0(𝒌′)(1 − 𝑓0(𝒌)) =
𝑃𝒌𝒌′𝑓






, one gets 
              (1 − 𝑓0(𝒌))𝒗(𝒌) ∙ 𝒖𝑬 = ∑ 𝑃𝒌𝒌′(1 − 𝑓
0(𝒌′))𝒌′  
                       × {𝒗(𝒌) ∙ 𝒖𝑬𝜏(𝒌) − 𝒗(𝒌
′) ∙ 𝒖𝑬𝜏(𝒌
′),      (5.9) 
which will be referred to as the linearized BTE. Combing Eq. (5.3) and (5.6), the expression 
of conductivity can be written as 








.           (5.10) 
This expression will be used to calculate the conductivity and mobility of the simulated 
electron system. It is worth noting that, to compute the conductivity, very few 
approximations – linear order in electric field, steady state, and 𝑭(𝒌) along band velocity 
– are made, in addition to one more approximation on equilibrium phonon distribution, 
addressed in the next section. We highlight that this method is beyond relaxation time 
approximation, which is commonly used in first principles methods. 
5.2.2 Electron-Phonon Coupling Matrix 
The scattering probability 𝑃𝒌𝒌′  from Eq. (5.5) includes all the relevant scattering 
processes in the system. Summing over all phonon modes, 𝑃𝒌𝒌′  can be written as 𝑃𝒌𝒌′ =
∑ 𝑃𝒌𝒌′,𝜈𝜈 , where 𝜈 is an index for phonon modes, and 𝑃𝒌𝒌′,𝜈 is the sum of the emission 








{𝑛𝒒,𝜈𝛿( 𝒌+𝒒 − 𝒌 − ℏ𝜔𝒒,𝜈) 
  +(𝑛𝒒,𝜈 + 1)( 𝒌+𝒒 − 𝒌 + ℏ𝜔𝒒,𝜈).                 (5.11) 
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𝑔𝒌𝒌+𝒒,𝜈 in Eq. (5.11) is the electron-phonon coupling (EPC) matrix element, and 𝑛𝒒,𝜈 is 
the phonon occupation, which is assumed to be the equilibrium Bose-Einstein distribution. 
The EPC matrix can be computed within the density-functional perturbation theory 
(DFPT). 
5.2.3 Workflow and Discussion 
The workflow of the first principles calculations is as the following: (1) band 
structures are calculated within density-functional theory; (2) EPC matrix elements are 
computed within DFPT; (3) Using the EPC elements, 𝑃𝒌𝒌′  is computed and the BTE is 
solved iteratively. 𝜏(𝒌)  can then be computed and integrated to acquire temperature 
dependent mobility. 
 We highlight the strengths of this first principles method by discussing two 
important aspects when evaluating electronic transport in 2D systems – doping effect and 
intravalley coupling. In this method, doping effect is accounted for via a recent-developed 
DFPT for gated materials,53 where the electrostatic gating is modeled. In contrast to some 
theoretical calculation studies where charging is treated as a rigid shift of the Fermi level 
and the effect of doping on EPC is neglected, or where screening effects are considered 
analytically48 and various approximations are made, this method includes doping explicitly 
to not only take into account the screening effects on the EPC, but also other effects on 
scattering, such as the activation of intervalley scattering, etc. Intervalley scattering is also 
an important factor to consider – which is also rarely included in other transport models in 
2D TMD systems. It turns out that intervalley scattering has a significant effect on the 
temperature dependent mobility simulations, which will be addressed in the next session. 
Note that in the above discussion, spin-orbit coupling (SOC) is not considered. However, 
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by including SOC into band structure calculations, we are able to incorporate SOC into the 
mobility calculation results, as done in the next section. 
5.3 CALCULATION SETUPS AND RESULTS 
In this section, we will review the 𝜇 vs. 𝑇 data measured in our WS2 monolayer 
devices and compared the experimental data with theoretical calculation results. The 
theoretical calculations are performed in collaboration with Thibault Sohier and Matthieu 
Verstraete in Université de Liege. 
 
Figure 5.5: Comparison of experimental and theoretical results of 𝜇  vs. 𝑇 . Square 
symbols represent experimental results of intrinsic mobility at electron 
density 8×1012 cm-2, triangular symbols represent theoretical calculation 
results, at the same carrier density. 
In Fig. 5.5, temperature dependence of the intrinsic mobility at electron density 
























temperature dependence of the electron mobility follows approximately a power law 𝜇 ∝
𝑇−𝛾 , and a functional fit of the data yields 𝛾  = 1.46. As discussed in Section 5.1.2, 
intravalley scattering from zone center acoustic phonons in a deformation potential model 
leads to 𝛾 = 1.48 Thus, 𝛾 > 1 suggests a more complex combination of both intra- and 
intervalley contributions from acoustic and optical phonons, which we confirm through 
first principles calculations. At low temperature, the mobility saturates at ~2,000 cm2/(V·s), 
which can be explained by ionized impurity scattering.51 
 
 
Figure 5.6: The multivalley, spin-textured band structure of WS2 as computed in first 
principles. Only the inequivalent K and Q valleys in one Brillouin zone are 
presented. Orange and blue colors represent opposite spin-textures. 
Figure 5.5 also shows first-principles calculation results of the intrinsic, phonon-
limited mobility of WS2. The electron-phonon interactions are computed within DFPT,
54,55 
and Optimized Norm-Conserving Vanderbilt pseudopotentials56 from the PseudoDojo 
library.57 The full momentum- and energy-dependent Boltzmann transport equation is 
solved iteratively as discussed in Section 5.2. An electrostatic doping of 8×1012 cm-2, same 
electron density as the experimental result (red) shown in Fig. 5.5, is explicitly included53 
to account for free-carrier screening and the potential enhancement of electron-phonon 
interactions induced by multivalley occupation in TMDs58. Spin-orbit interaction is 
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included in all simulations as previously mentioned in Section 5.2.3. As depicted in Fig. 
5.6, the conduction band is composed of K and Q valleys, each split by spin-orbit 
interactions.   
Transport simulations are highly sensitive to the details of this complex band 
structure, and in particular to the relative positions of the valleys and the Fermi level, which 
are in turn sensitive to the computational details. In an effort to capture this, Fig. 5.5 reports 
mobility for two slightly different structures: S1 and S2. The lattice parameters in S1 and 
S2 are identical (a1 = a2 = 3.187 Å) while the layer thickness in S2 is only 0.4% larger (t1 
= 3.14 Å, t2 = 3.15 Å) which is within density-functional theory structural precision. Both 
structures are realistic, a similar variation in thickness may occur in real devices due to 
encapsulation or substrate interaction. The K - Q valley splittings are 90 meV for S1 and 
54 meV for S2, respectively. Small variations are also present in the Fermi velocity (~10% 
smaller for S2), and the spin-orbit splitting at the K point (30 meV for S1 vs. 33 meV for 
S2). Many-body, polaronic, and other encapsulation effects could have comparable impact. 
The mobility values calculated using set-up S1 are higher compared to set-up S2, mainly 
because of the higher Q valley energy for the former structure, which suppresses K-Q 
intervalley scattering52 and allows free carriers to screen the coupling to homopolar optical 
phonons.58 The agreement between experiment and simulations is good in magnitude and 
in the temperature dependence above 50 K. We conclude that the experimental results are 
very close to the intrinsic, phonon-limited regime, and that the electron-phonon physics is 





Chapter 6:  Summary   
In summary, a comprehensive study of the monolayer WS2 field-effect transistors 
is presented in this thesis. We introduce the fabrication of such devices from scratch – the 
exfoliation process that produces the atomically thin WS2 as the base material is described 
in Chapter 2, followed by the fabrication process flow to construct the 2D heterostructure 
in Chapter 3.  
In Chapter 4, we report the electron transport measured in our WS2 field-effect 
transistors and demonstrate the electron density and intrinsic mobility extraction methods 
through magneto-transport measurements. A high electron mobility of 2,000 cm2/(V·s) was 
measured at 1.5 K. We discussed the Ohmic nature of our WS2-to-metal contacts, which is 
robust at cryogenic temperatures down to 1.5 K. In addition, we compared three types of 
methods to evaluate the electron mobility, and we conclude that four-point and two-point 
field-effect mobilities overestimate and underestimate carrier mobilities in 2D TMD 
systems, respectively.  
A review of important scattering mechanisms in 2D electron systems is presented 
in Chapter 5, as well as first-principles calculation results of the phonon-limited mobility 
of WS2. Good agreement with theoretical predictions confirms the quality of the devices 
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